Introduction {#sec1}
============

Electrocatalysis plays a central role in sustainable energy-conversion/storage technologies.^[@ref1]−[@ref5]^ For instance, platinum and other transition metal catalyzed oxygen reduction reaction (ORR) is critical for fuel cells, batteries, and other electro-/photocatalytic processes.^[@ref6],[@ref7]^ The intrinsic ORR activities have been significantly improved over the past decade by using specifically designed electrocatalysts (size, shape, composition, morphology, and electronic structure of the nanostructures).^[@ref8]−[@ref13]^ However, such extraordinary performance of new catalyst materials is usually only achieved in laboratory model studies (e.g., rotating disk electrode measurements) under a highly controlled environment. There has been considerable challenge in delivering their promise in practical energy devices with a less controlled environment, partly due to the complex interfacial adsorption that could severely degrade the electrochemical performance.^[@ref14]^ Therefore, fundamental understanding of the electrochemical interface (encompassing catalyst surface and electrolyte double layer structure), where key physical interactions and chemical transformations (adsorption, bonding reformation, desorption, etc.) occur, is vital for optimizing electrochemical reactions in less controlled, complex chemical environments. To this end, in situ or in operando characterizations that can reveal chemical details at such an interface during the active reaction cycles is essential for establishing a fundamental basis and guiding the rational design of highly active and long-lasting catalysts, yet they are insufficiently explored due to extreme technical challenges.

The classic picture of an electrochemical interface involves molecules, intermediates, solid electrode surface, and the surrounding electrolyte double layer. Such complexity often interferes with any form of radiation signals from a specific target (e.g., FTIR signals from surface adsorbed chemical species), posing considerable technical difficulties in the implement of conventional spectroscopic strategies for in situ electrochemical characterizations. Alternatively, there has been an increasing interest in the development of integrated and comprehensive on-chip characterization approaches, which in certain cases offer specific advantages, as additional new tools for the mechanistic study of key electrochemical process in the material research.^[@ref15]−[@ref19]^ Specifically, exploiting the chemical sensitivity of nanomaterials that can be transformed into electrical signals, we have recently developed electrical transport spectroscopy (ETS) that offers a complementary on-chip signaling technique for in situ studies of electrochemical interfaces.^[@ref15]^ By conducting concurrent electrochemical and nanoelectronic measurements of metallic nanocatalysts, the ETS measurements produce a signal that is highly sensitive to the dynamic surface states during active electrochemical processes based on surface scattering of the conduction electrons in metallic nanocatalysts. Such highly surface-specific signals can be correlated with the adsorption of electroactive reactant molecules and intermediate species on the catalyst surface, revealing the catalytic surface states in action and offering valuable new insights into the reaction mechanisms.

Here we present a systematic study of the anionic adsorption on a platinum nanowire surface. In a practical electrocatalytic device, anions may come from a functioning electrolyte, chemical source in other components, or undesired contaminations. The presence of these anions often results in competitive adsorption on the catalyst surface (located within the inner Helmholtz plane (IHP)), which could potentially block the adsorption of electroactive reactant molecules or hinder the formation of intermediate species, leading to a catalyst poisoning effect. As a result, anionic chemisorption is generally believed to affect the electrode kinetics in a wide range of reactions such as ORR, hydrogen evolution reaction (HER), and oxidation of organic molecules.^[@ref20]^ To this end, we show that ETS provides a direct "visualization" of distinct adsorption features, which allows detailed analysis of surface anionic adsorptions to derive quantitative information unravelling the rich complexity in such electrochemical interfaces. We present a competitive anionic adsorption model as a descriptor for the ORR activity and the poisoning effect on Pt surface, which is further supported by the standard rotating disk electrode (RDE) evaluations. On the basis of the correlation between Pt-catalyzed ORR activity and surface anionic adsorption/competitions, we attribute the existing performance gap of ORR catalysts between laboratory model studies and practical energy devices to the anionic contaminations under practical conditions. More importantly, we further investigate the competitive adsorption of mixed anions, which suggests potential strategies for designing more poisoning-resistant catalytic systems to mitigate the undesired anionic chemisorption poisoning.

Experimental Apparatus {#sec2}
======================

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a depicts the schematic experimental set up of concurrent electrochemical and ETS studies, while more experimental details can be found in [Methods](#sec5){ref-type="other"} and [Supplementary Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00082/suppl_file/oc8b00082_si_001.pdf). Ultrafine platinum nanowires (PtNWs) prepared through wet chemistry^[@ref21]^ were chosen as the model catalytic material. Briefly, nanoelectronic devices were fabricated by selectively depositing a thin film of PtNWs onto the Si/SiO~2~ substrate with prepatterned gold electrodes. An electrochemically inert layer (PMMA) was then coated on top of the device with an electrochemical window defined by electron-beam lithography. The morphology of the PtNW network was examined by optical microscopy (OM, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and [Supplementary Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00082/suppl_file/oc8b00082_si_001.pdf)) and scanning electron microscopy (SEM, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). A microfluidic setup was used for highly efficient control of the electrolytes exposed to the PtNW device. A leak-free reference electrode (RE, Harvard Apparatus LF-2) was employed to eliminate the potential influence of electrolyte leakage (most importantly anions) from the RE to the testing environment. The working principle of ETS is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c. A two-channel source-measure-unit (SMU, Agilent 2902a) was employed for ETS measurements, one for applying gate voltage (*V*~G~) and collecting the gate Faradaic current (*I*~G~, corresponding to the electrochemical current in a typical cyclic voltammetry (CV) measurement), and the other for in situ measurement of the electrical properties of PtNW device, i.e., ETS signals (see [Methods](#sec5){ref-type="other"} and [Supplementary Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00082/suppl_file/oc8b00082_si_001.pdf)). In the classic double layer model ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d), the chemisorbed anions are located in the inner Helmholtz plane (IHP), which is buried between solid--liquid electrochemical interfaces. Such electrochemical interfaces are difficult to access by the radiation, but can be easily probed by electrical current in the ultrafine metallic nanostructures that is highly sensitive to the surface scattering effect of the adsorbed chemical species.

![Schematic illustration of experimental setup and working principle of the on-chip cyclic voltammetry (CV) and electrical transport spectroscopy (ETS) measurement. (a) Schematic illustration of the microfluidic system for the on-chip electrochemical and nanoelectronic measurements. (b) Optical microscopic image (OM) of an on-chip cell (enlarged area in a) showing PMMA (electrochemically inert) covered gold electrodes, and the exposed PtNWs network in the opened PMMA window. (c) SEM image of the PtNWs network. (d) Schematic diagram for the working principles of concurrent CV and ETS. CE, counter electrode; RE, reference electrode; WE, working electrode; S, source; D, drain. (e) Schematic illustration of the double layer model for PtNW electrode in an aqueous electrolyte with specific adsorption of anions at the inner Helmholtz plane (IHP).](oc-2018-00082e_0001){#fig1}

Results and Discussion {#sec3}
======================

Sulfate Adsorption on PtNWs {#sec3.1}
---------------------------

Surface adsorption of sulfate anions on the PtNWs was first investigated by acquiring their ETS characteristics in sulfate containing electrolyte solutions. As the chemical identity of the adsorbate, either in the form of HSO~4~^--^, SO~4~^2--^, or SO~4~^2--^--H~3~O^+^ complexes, has been under considerable debate, it is generally denoted here as sulfate.^[@ref20]^ For comparison, an ETS baseline with no sulfate adsorption was also established in 0.1 M perchloric acid, since the perchlorate ion has been considered as one of the weakest adsorbed anions on Pt and is used here as the background electrolyte for the investigation of other anion adsorptions. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a (black curve) shows typical CV^[@ref22]^ and ETS^[@ref15]^ baseline features of the PtNWs. First, the ETS current remains relatively flat in the double layer (D.L.) region (region II), where the PtNW surface is predominantly occupied by adsorbed water molecules. Second, in the more negative potential range, adsorption (desorption) of a monolayer of hydrogen atoms (*H*~ads~) on the PtNW surface results in an obvious increase (decrease) in the ETS current (region I). The increase in conductance (*G*~SD~) during the H adsorption can be attributed to a more predominant specular scattering of electrons (therefore less diffusive scattering) for a Pt--H surface than a Pt--H~2~O surface.^[@ref15],[@ref23],[@ref24]^ Third, in the positive potential region, which corresponds to the adsorption/desorption of surface oxygenated species including reversible adsorption of hydroxyl groups (region III) and further oxidation that leads a surface oxide formation (region IV), a more pronounced *G*~SD~ signal (steep decrease in value due to larger scattering cross section of strongly bonded O species) is observed along with much larger hysteresis (due to the irreversible nature of oxide formation).

![In situ electrical transport spectroscopy (ETS) of sulfate adsorption on Pt surface. (a) *I*~G~*--V*~G~ (on-chip CV, dashed curves) and normalized *I*~SD~--*V*~G~ (ETS, solid curves) characteristics of a typical PtNW device in 0.1 M HClO~4~ (black) and with addition of varying concentrations of sulfate anions (red and blue). The CV results resemble the typical CV characteristic of a polycrystalline Pt surface, containing redox regions of under potential hydrogen adsorption (region I); the double layer (region II), reversible adsorption of OH (region III), and surface oxide formation (region IV). (b) Differentiated analysis of ETS (dETS) results showing spectral peak characteristics. Dashed arrows (1 in a and 2, 3 in b) indicate the change of ETS or dETS results by the effect of sulfate adsorption. (c) Schematic models of different Pt surface conditions in different electrochemical regions in HClO~4~ and with sulfate anions. Pt atoms are gray, H atoms are white, O atoms are red in H~2~O~ads~, blue in OH~ads~, and green in O~ads~ for a visual guide to the different scattering effects. Solid arrows in all figures indicate the potential sweeping direction, with corresponding dots showing the starting point of the measurement.](oc-2018-00082e_0002){#fig2}

The surface adsorption of sulfate anions on polycrystalline Pt electrode have been previously studied with Fourier transform infrared (FTIR),^[@ref25],[@ref26]^ sum frequency generation (SFG),^[@ref27]^ or second harmonic generation (SHG)^[@ref28],[@ref29]^ spectroscopy in the double layer region at relatively higher concentrations (usually introduced as 0.5 M H~2~SO~4~). The use of high concentration sulfate ions was probably due to the relatively weak signals of surface sulfate under the testing conditions. Due to the highly sensitive nature of the surface scattering based signaling pathway from the ultrafine PtNWs, the ETS produces an accurate and sensitive signal at relative low concentrations of sulfate.

As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, distinguishable ETS characteristics were observed in the presence of a low concentration (μM level) of sulfate, indicating the efficiency of ETS for in situ characterization of the weak anionic surface adsorptions. Our results demonstrate that although it is considered a weakly adsorbed anion, sulfate can alter the surface adsorption process of a Pt based catalyst even at relatively low concentration. Specifically, while ETS signals do not show much difference at the hydrogen adsorption region, a slight decrease of ETS current with increasing sulfate concentrations was observed in a double layer region, indicating the surface adsorption of sulfate anions on the Pt surface, due to the stronger scattering of sulfate ions compared with surface adsorbed water molecules ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). The most significant change in ETS signal is related to the adsorption of O species ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, indicated by arrow 1), where there is a declining ETS current originated from Pt surface oxidation. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, the ETS value of PtNWs is shifted to a higher value in the presence of sulfate ions, suggesting a smaller fraction of adsorbed oxygen species on the Pt surface. This result confirms that specific adsorption of sulfate anions occurs not only in the double layer region but also in the oxidation region, reducing the surface oxygen coverage in a large potential window. Since the surface coverage of oxygen species serves as an important intermediate step to many electrocatalytic energy conversion reactions (such as ORR),^[@ref1],[@ref2],[@ref30]^ surface information revealed by ETS characteristics is fundamentally important for the rational design and further optimization of electrocatalytic nanomaterials.

The differential analysis of ETS curve (dETS) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) leads to consistent conclusions: with increasing sulfate concentrations, the O~ads~ peak and the oxide reduction peak both show a decreasing trend in intensity (black dotted arrows 2 and 3 in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Additionally, an obvious shift can be easily identified in the OH~ads~ region (region III, as indicated by the red dotted arrow in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) in the dETS results, while the oxide formation region at higher potential (\>1.2 V vs RHE) stays unaltered. This observation indicates the competitive sulfate adsorption occurs through coadsorption with the hydroxyl group on the Pt surface, and no additional sulfate anions are further adsorbed during the oxide formation at higher potentials (\>1.2 V vs RHE).

Halide Adsorption on PtNWs {#sec3.2}
--------------------------

Halides are commonly seen as strong binding and poisoning species that undermine the electrokinetics of Pt-catalyzed reactions. Due to their abundance in natural and industrial environments, a mechanistic study of the halide adsorption (especially in trace amounts) on Pt catalysts is of both fundamental and practical significance. Historically, due to the lack of intrinsic infrared spectroscopic features, in situ studies of halide adsorption on Pt surface relied heavily on X-ray based spectroscopy^[@ref20],[@ref31]−[@ref33]^ and nonlinear optical method of SHG.^[@ref33],[@ref34]^ For these approaches, sensitivity is a general challenge. X-ray based technologies have relied on synchrotron source for increased signals, often implemented with ultrathin electrochemical cells for reduced beam attenuation, and the studies were only performed at relatively high chloride concentrations (10^--3^ M).^[@ref20],[@ref31]−[@ref33],[@ref35]−[@ref37]^

We have acquired ETS characteristics of halide anionic adsorption on the PtNWs in halide containing electrolytes ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows typical *I*~G~--*V*~G~ CV characteristics with chloride ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), along with the ETS ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) and differentiated ETS ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c) signals acquired simultaneously. Compared with sulfate adsorption, the ETS characteristics of the PtNWs are altered much more significantly by chloride adsorption, particularly considering that the concentration of chloride is about 3 orders of magnitude smaller ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) than sulfate ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). This result offers direct evidence revealing much stronger binding of Cl~ads~ and a much more altered surface chemistry of the PtNWs in the given potential window. In the D.L. region, a clear drop in current is observed (indicated by dashed arrow in region II, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) due to the specific adsorption of Cl~ads~ at the inner Helmholtz plane (IHP), which exerts a stronger scattering effect than surface adsorbed H~2~O molecules. In the O~ads~ region, a noticeable *increase* in the ETS signals (a smaller reduction of ETS current in region IV, see dashed arrow in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) is observed. Given the decreasing conductance in this region is originated from surface oxidation, this result suggests that the competitive Cl¯ adsorption blocks the adsorption of oxygen species, leading to a reduced O~ads~ scattering (stronger than Cl~ads~ scattering).

![In situ ETS study of halide adsorption on Pt surface. (a) On-chip CV characteristics of a typical PtNW device in 0.1 M HClO~4~ (black) and with addition of varying concentrations of sodium chloride. Redox regions of hydrogen adsorption (region I); the double layer (D.L.) (region II), reversible adsorption of OH (region III), and surface oxide formation (region IV) can be identified. (b) ETS characteristics of a typical PtNW device in 0.1 M HClO~4~ (black) and with addition of 1 mM chloride anions (red). Dashed arrows indicate the change of ETS by the effect of chloride adsorption in double layer and oxidation regions, with corresponding illustrations of the surface adsorption models on the side. Pt atoms are gray, H atoms are white, O atoms are red, Cl atoms are green. (c) Differentiated ETS (dETS) results of PtNWs with varying chloride concentrations. Insets on the right depict the enlarged spectra at double layer and hydrogen desorption regions (dashed areas on the left). (d) ETS current of the PtNWs device in D.L. (left, value obtained at 0.5 V vs RHE) and oxidation (right, value obtained at 0.9 V vs RHE) regions at different chloride concentrations. Black dashed curves are sigmoidal (left) and exponential (right) fittings of the current values. Electrically derived surface coverage of Cl~ads~ at the D.L. region and percentage of blocked O~ads~ by Cl~ads~ in oxidation region are given at the corresponding right axis. (e) ETS characteristics of a typical PtNW device in 0.1 M HClO~4~ (dashed black, as baseline comparison) and with addition of 1 mM chloride (green), bromide (red) and iodide (blue) anions. (f, g) dETS characteristics of halide adsorptions, results from negative (f) and positive (g) potential sweep are divided for the clarity of the comparison.](oc-2018-00082e_0003){#fig3}

The characteristic ETS signals (for Cl~ads~) can also be translated into dETS results with several corresponding features ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). First, the dETS level in the D.L. region is elevated with increasing concentrations of Cl^--^, corresponding to the increasing adsorption of Cl^--^ on the PtNW surface. Second, both O~ads~ and O~desop~ peaks show a clear decrease in intensities, corresponding to the blocking of adsorption sites for O~ads~ by competitive Cl~ads~. Additionally, a clear shift in the onset potential of O~ads~ peak is observed in the dETS spectra (highlighted by the dashed arrow), indicating an added overpotential for the adsorption of O species due to the Cl~ads~ blocking, which provides direct in situ surface evidence that the strong anionic adsorption alters the electrokinetics of intermediate steps for electrocatalytic reactions (such as ORR), leading to a poisoning effect.

Compared to sulfate, the ETS response from chloride adsorption shows certain unique features, such as a larger ETS current drop in the D.L. region and an obvious shift in O~ads~ dETS peak ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,c). These differences indicate distinct effects of chloride (than sulfate) on O~ads~: (i) sulfate adsorbs weakly (and to a lesser extent) on PtNW surface at D.L. region and coadsorbs together with OH~ads~, whereas (ii) chloride adsorbs more strongly at the D.L. region with a higher surface coverage and adds additional overpotential for hydroxyl adsorption when OH~ads~ needs to replace Cl~ads~ at the adsorption sites.

In the H~upd~ region, due to Cl~ads~ in the D.L. region lower down the current baseline, the hydrogen adsorption/desorption produces a larger change in ETS signals (i.e., elongated H~ads~/H~desorp~ curves in region I in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). The similar maximum ETS current at the end of H~upd~ potential indicates the complete removal of Cl~ads~ on H~ads~ covered Pt surface. It should be noted that no additional "step" in ETS or "new peak" in dETS was observed for Cl^--^ adsorption/desorption in the H~upd~ region, indicating a gradual replacement of Cl~ads~ by H~ads~ with the negative potential sweep and vice versa. We would also like to point out that the enlarged response in H~upd~ and a dropped current with a slightly increased slope in D.L. resembles the ETS characteristic of PtNWs in our previous report.^[@ref15]^ Our new results indicate that the previously established ETS characteristic of PtNWs was affected by trace amounts of Cl contaminations, which was probably due to electrolyte leakage from Ag/AgCl reference electrode.

The characteristic ETS response in the D.L. and O~upd~ region for chloride adsorption can be further utilized to obtain a direct (in situ) quantitative measure of the PtNW surface. Results shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d are obtained from a series of ETS signals at different chloride concentrations (see [Supplementary Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00082/suppl_file/oc8b00082_si_001.pdf)), at the potential of 0.5 V vs RHE (corresponding to the D.L. region) and 0.9 V vs RHE (corresponding to the O~upd~ region, which is indicative for the electrokinetics during ORR). Quantitative analysis of ETS currents show adsorption kinetics of chloride at specific potentials, with electrically determined surface coverage of Cl~ads~ (in D.L., [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d left) and blockage of O~ads~ by Cl~ads~ (in O~upd~, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d right). As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d, Cl^--^ coverage significantly increases at the onset concentration of ∼1 μM in both regions. At high concentrations, Cl-- adsorption shows a different behavior: while saturated coverage of Cl~ads~ was achieved at ∼10 mM at D.L., continuously increased blocking of the O~ads~ site is observed with increasing concentrations of Cl^--^ in the O~upd~ region. These results agree well with those derived from SHG (D.L.)^[@ref34]^ and electrochemical (O~upd~)^[@ref20],[@ref38]^ measurements, and demonstrate a quantitative approach that works for the entire potential window, with better sensitivity and accuracy for the characterizations of low concentration analyte in a much smaller sample volume.

We have further explored the adsorption characteristics of other halide anions, such as bromide and iodide, on the PtNW surface using the ETS approach. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e--g presents typical ETS and dETS characteristics of the PtNWs with chloride, bromide, and iodide adsorption (results are obtained from the same device to eliminate device variations). As evident from the results, Br~ads~ produces a qualitatively similar yet much stronger ETS signal on PtNWs to that of Cl~ads~, with a more pronounced drop of ETS current in the D.L. region, an increase of ETS current in the oxide formation region, elongated ETS curves in the H~upd~ region, along with a corresponding H~upd~ peak increase/O~ads~ shift in dETS results. The qualitatively similar yet quantitatively stronger ETS signals from Br~ads~ are consistent with a stronger binding of Br~ads~ to Pt surface compared with Cl~ads~. For Pt--I~ads~, it is commonly known that an irreversibly adsorbed zerovalent iodine monolayer is formed on the Pt surface upon exposure to iodide anions,^[@ref20],[@ref34]^ which remains stable over a wide potential range and strongly inhibits the hydrogen and oxygen adsorption on the Pt surface. This unique *I*~ads~ characteristic results in a "flat" ETS and dETS curves, with only slight hydrogen and oxygen adsorption features at high overpotentials ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e,f).

The evolution of ETS characteristics for halide anions is consistent with their binding strength: Cl^--^ \< Br^--^ \< I^--^, each with unique features that reveal the in situ surface processes in detail. Interestingly, the ETS signals of Cl~ads~ show a slight but obvious potential dependence in the D.L. region, i.e., a slightly increased slope in ETS and an elevated peak level in dETS ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,c), whereas Br~ads~ and I~ads~ show a relative flat (potential independent) feature. These results indicate that in D.L. region, the surface adsorption (coverage) of Cl~ads~ gradually alters with the sweeping potential, whereas Br~ads~ and I~ads~ form a relatively stable layer that is potential independent. It should be noted that the potential dependence of halide adsorption in this specific region has received conflicting conclusions from different spectroscopic and electrochemical studies,^[@ref34]^ and our ETS investigation provides important experimental evidence and additional insights to resolve these controversies.

Anionic Competition on Pt Surface and Their Influence on ORR Performance {#sec3.3}
------------------------------------------------------------------------

Chloride adsorption is further probed in competitive environments in order to establish its links to the electrokinetics of Pt catalyzed ORR. As demonstrated by ETS studies, the presence of sulfate or chloride anions (even at low concentrations) severely impedes the surface adsorption of O species, which may influence the overall ORR kinetics on Pt-based catalysts. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a depicts the polarization curves for Pt/C catalyzed ORR obtained in a rotating disk electrode (RDE) in clean and Cl^--^ contaminated electrolytes, respectively. The ORR activity of Pt/C indeed shows a significant decay with increasing concentrations of Cl^--^. The increased overpotential in the presence of Cl^--^ is consistent with the site blocking of O~ads~ by Cl~ads~ observed in ETS studies ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). To address such chloride poisoning effect for Pt-catalyzed ORR performance, Cl^--^ inhibition is desired yet challenging, as chloride adsorption is much stronger on the Pt surface, and the influence of Cl~ads~ starts at a much lower contamination level (∼10^--6^ M), which impedes the implementation of general characterization methods for accurate, comprehensive, and practically relevant (trace concentration) studies. Importantly, the ability of ETS to provide highly sensitive, *in operando*, and surface specific characterization of Cl^--^ adsorption opens a highly efficient pathway to explore possible approaches to address this issue from a fundamental perspective. Using ETS as an effective probe, we demonstrate two types of anodic competition for Cl~ads~ on the Pt surface: a "static" anionic cyanide adlayer, and a "dynamic" high ionic strength electrolyte (high concentration of perchloric anions).

![In situ ETS of competitive anionic adsorption and electrocatalytic performance of Pt-based catalysts. (a) Oxygen reduction reaction (ORR) polarization curves of commercial Pt/C on a rotating disk electrode (RDE) in HClO~4~ (0.1 M) and with varying concentrations of Cl^--^. (b) ETS characteristics of clean PtNW device (black) and PtNWs modified by a surface cyanide adlayer (red) in 0.1 M HClO~4~. (c) Differentiated ETS (dETS) results of PtNWs (black) and cyanide modified PtNWs (PtNWs-CN~ads~, red) in 0.1 M HClO~4~ with 100 μM Cl^--^. Dashed arrow indicates the recovery of Cl^--^ induced overpotential for O~ads~ peak after CN~ads~ modification. (d) Normalized ORR activities of clean (black) and CN~ads~ modified (red) Pt/C in response to different levels of Cl^--^ contaminations. (e) Proposed model for the enhanced Cl^--^ resistance through competitive surface adsorption. Cl^--^ adsorption is suppressed by a "static" CN~ads~ pattern, whereas adsorption of O species is unaffected. (f) Enhanced Cl^--^ resistance through "dynamic" competitive surface adsorption. Cl^--^ accumulation is suppressed by high concentration of perchlorate anions. Pt atoms are gray, H atoms are white, C atoms are black, N atoms are blue, O atoms are red, and Cl atoms are green. (g, h) ETS (g) and dETS (h) characteristics of Cl^--^ (10 μM) adsorptions on PtNWs in 0.1 M HClO~4~ + 0.4 M NaClO~4~. Dashed arrows show the lack of Cl~ads~ features in 0.4 M NaClO~4~ containing electrolyte. (i) Evolution of ORR activities of Pt/C over consecutive runs (stability tests) in Cl^--^ (10 μM) contaminated electrolytes with or without high concentration (0.4 M) of NaClO~4~.](oc-2018-00082e_0004){#fig4}

Cyanide (CN^--^) adsorbs irreversibly on the Pt surface and forms a stable and relatively inert adlayer. Due to the unique molecular patterns of CN~ads~ on the Pt(111) surface, it has been successfully applied to provide fundamental insights into various electrocatalytic reactions.^[@ref39]−[@ref41]^ We first employed ETS measurement to study the general surface adsorption characteristics of CN^--^ modified PtNW surface (PtNW-CN~ads~). The overall conductivity of PtNWs shows a significant drop after the formation of a surface CN~ads~ adlayer, as expected from the additional CN~ads~ induced scattering (see [Supplementary Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00082/suppl_file/oc8b00082_si_001.pdf)). Interestingly, despite the absolute drop in current, the ETS characteristics of PtNW-CN~ads~ in HClO~4~ remain largely unchanged (at H~upd~ and O~upd~ region) compared to that of PtNWs, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b (also see [Supplementary Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00082/suppl_file/oc8b00082_si_001.pdf)). We can therefore conclude that while CN~ads~ blocked the surface Pt atoms onto which they adsorb, the CN-free sites on the Pt surface are unaffected for the adsorption of H, H~2~O, and O species. This characteristic is entirely different from that of other strong binding molecules such as bromide, iodide ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e,f), or CO.^[@ref15]^ Another noticeable difference in ETS is that PtNW-CN~ads~ demonstrate a more "flat" line in the D.L. region, indicating the blocked adsorption of tetrahedral anions (perchlorate with the weakest binding strength in this case) by the CN~ads~ patterning on the Pt surface. The above hypotheses have been previously proposed to explain the catalytic performance of cyanide modified Pt electrodes,^[@ref39],[@ref41]^ and the ETS characterization provides a direct (surface) and straightforward experimental support.

We further investigated the Cl^--^ adsorption on the PtNW-CN~ads~ surface using dETS characteristics of Cl^--^ adsorption on PtNW and PtNW-CN~ads~ surface ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). The potential shift of O~ads~ peak induced by 100 μM Cl^--^ is partially reversed on the PtNW-CN~ads~ surface. This result indicates that the overpotential for OH adsorption (caused by Cl~ads~ blocking) on PtNW surfaces is reduced by the formation of a CN~ads~ adlayer (highlighted by the black arrows), *which inhibits the Cl^--^ adsorption presumably by electrostatic repulsion and/or steric hindering*. As the ORR activity of Pt surface is highly dependent on the electrokinetics of OH adsorption, such ETS results suggest that the resistance of Pt-based catalyst to Cl^--^ poisoning can be enhanced by CN~ads~ adlayer modification. We further tested this theory by evaluating the ORR activity of Pt/C in RDE measurements ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d). The unmodified Pt/C shows a significantly decreased current density in response to different levels of Cl^--^ contamination. After CN~ads~ modification, the relative current density drop became smaller, demonstrating enhanced resistance to Cl^--^ poisoning. The schematic model for such enhanced Cl¯ resistance is summarized in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e. It should be noted that Pt/C--CN~ads~ show chloride resistance at low concentrations of 10 μM and 100 μM, but not at a high concentration of 1 mM. Interestingly, this quantitative trend is highly correlated to the ETS indicators, which show response in 10 μM and 100 μM of Cl¯, but not in 1 mM (see [Supplementary Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00082/suppl_file/oc8b00082_si_001.pdf)).

The Cl^--^ adsorption was further probed under a high concentration of perchloric anions (one of the weakest binding anions on Pt^[@ref20]^), with the intention to understand how weakly adsorbed anions can affect the strongly adsorbed anions at extreme concentration difference. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}g,h depicts the ETS and dETS results of PtNWs in the presence of Cl^--^ with high concentrations of ClO~4~^--^ (0.4 M). Comparing the ETS and dETS data obtained in electrolyte with high concentration of ClO~4~^--^ (0.4 M) with or without the presence of low level Cl^--^ (10 μM), it is apparent that the influence of Cl^--^ is negligible (no obvious O~ads~ overpotential, no current level change in the O~upd~ region, as indicated by dashed arrows in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}g,h), in stark contrast to the test conducted in electrolyte with low concentration of ClO~4~^--^ (0.1 M) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,c). This result suggests that dynamic competitive adsorption ClO~4~^--^ in high concentration of ClO~4~^--^ electrolyte can also increase Cl^--^ resistance, in a manner different from the "static" surface CN~ads~ adlayer. On the other hand, we note that ClO~4~^--^ itself can reduce the ORR current ([Supplementary Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00082/suppl_file/oc8b00082_si_001.pdf)) and therefore is not an ideal way to optimize the fuel cell performance. Nonetheless, such anionic competitive behavior may offer other benefits. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}i, for Pt-catalyzed ORR, not only does Cl^--^ contamination increase the overpotential and reduce the current density, it also shows an accumulating effect that continuously poisons the ORR performance over time. This accumulating effect could potentially cause serious activity degradation over time and thus a long-term durability problem to the real-world devices, such as polymer exchange membrane fuel cells (PEMFCs).^[@ref42],[@ref43]^ Importantly, in electrolyte with a high concentration of ClO~4~^--^, the current drop over consecutive tests in Cl^--^ containing electrolyte is greatly reduced. The reduced Cl~ads~ accumulation can be rationalized by competition from ClO~4~^--^ anions, as indicated by the ETS results. Such behavior only occurs at 10 μM of Cl^--^; concentrations higher than 100 μM Cl^--^ still show influence on the surface adsorption processes on Pt with the same ClO~4~^--^ concentration, as confirmed by both RDE and ETS (see [Supplementary Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00082/suppl_file/oc8b00082_si_001.pdf)). Through our interfacial study, we have discovered a novel anion competition mechanism that significantly reduces the accumulation of halide adsorption on the Pt surface. It therefore offers a promising solution, by simply optimizing the electrolyte content, to increase the impurity tolerance of fuel cell devices and their long-term durability.

Conclusions {#sec4}
===========

Together, with the direct experimental evidence derived from a unique nanoelectronic measurement, we have investigated the surface adsorption features of various anions (such as sulfate, halides, and cyanides) on the platinum catalyst, and demonstrated quantitatively that the competitive anionic adsorption can have a profound effect on ORR activity. The combination of electrochemical and nanoelectronic measurements produces highly sensitive and surface specific signals for exploring electrochemical interfaces with considerable precision and accuracy, allowing for the first time both qualitative and quantitative analysis at a low level of target analytes. It is especially efficient for the in situ characterization of surface adsorbed anions without distinct infrared spectroscopic features (such as halides), and those that do not generate specific electrochemical features (e.g., CV peaks). For similar reasons, this on-chip approach is also appealing for the electrochemical interface that involves cations, which tailor the ORR activities via noncovalent interactions with surface oxygenated species^[@ref2],[@ref44]−[@ref48]^ yet are difficult to study for their lack of spectroscopic feature. Related ETS studies of cationic impact are currently underway. The unique adsorption kinetics of each anion tested in this work and its influence on the corresponding oxygen species are used to rationalize the dependency of important Pt-catalyzed reactions (such as ORR) on anionic contamination. On the basis of the ETS descriptor for the ORR performance, we further investigated the chloride poisoning behavior in more complex anionic environments and demonstrate potential strategies to mitigate the poisoning effect using either a "static" anionic cyanide adlayer (that could hinder Cl¯ adsorption and reduce the Cl~ads~ induced overpotential) or a "dynamic" high ionic strength approach (that helps prevent the long-term accumulation of Cl^--^ poisoning) for improved efficiency and stability of real-world energy conversion devices.

Methods {#sec5}
=======

Fabrication of the PtNWs Electrochemical Device {#sec5.1}
-----------------------------------------------

A PtNWs device was fabricated using a previously described approach.^[@ref15],[@ref23]^ Typically, a poly(methyl methacrylate) (PMMA, A8, MicroChem Corp.) film was prepared by spin-coating on the substrate (p++ silicon wafer with 300 nm thermal oxide) surface with prepatterned Au electrodes (Ti/Au, 50 nm/50 nm). E-beam lithography was then used to open windows on PMMA, which created desired patterns on the substrate. The preprepared (by cosolvent evaporation) free-standing film of PtNWs was then deposited onto the substrate surface. After the removal of PMMA template, PtNWs was deposited on the device substrate with desired patterns. To eliminate the influence of electrolyte and to avoid electrochemical reactions on the metal electrodes, another layer of PMMA (∼500 nm thick, electrochemically inert) was then deposited on the PtNWs device with spin-coating. A smaller window that only exposes PtNWs was opened by e-beam lithography. The final device, with exposed PtNWs and PMMA protected electrodes, was used for on-chip electrochemistry and in situ electrical spectroscopy.

Instead of an open chamber configuration,^[@ref15]^ a microfluidic setup was used in this work to achieve more efficient control of the electrolytes exposed to the PtNW device. A PDMS microfluidic channel was mounted on the Si chip with the channel aligned with the central region where the PtNW device is located. Polyethylene tubing was attached to the inlet and the outlet holes on the PDMS channel, and HClO~4~ solutions or mixed electrolytes containing HClO~4~ and desired anions (for introducing each anion, the corresponding sodium salt is used) were drawn through the channel using a syringe pump. The typical flow rate was 1 mL·h^--1^ during ETS tests and 10 mL·h^--1^ for the electrolyte switching. All electrolytes were degassed with ultrahigh purity nitrogen before use. For surface cyanide modification, the electrochemically cleaned PtNW devices were exposed to 0.1 M KCN solution for 30 min under open circuit, followed by extensive rinsing with the flow of DI water and then the 0.1 M HClO~4~ electrolyte. No unexpected or unusually high safety hazards were encountered.

On-Chip CV and ETS Measurements {#sec5.2}
-------------------------------

A two-channel source-measure unit (SMU, Keysight B2902a) was used for ETS measurements. A first SMU channel was used as a potentiostat to perform the on-chip CV by applying the potential (*V*~G~) of source/drain electrode (acting as working electrode) as to the reference electrode (leak-free Ag/AgCl), while collecting the current (*I*~G~) through the counter electrode (Pt wire). In a typical CV measurement, the scan rate is 28 mV s^--1^. A second SMU channel was used to record ETS signals by supplying a small bias potential (50 mV) between source and drain electrodes and collecting the electrical conductive current (*I*~SD~). See [Supplementary Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00082/suppl_file/oc8b00082_si_001.pdf) for details.

For a typical measurement in this study, the gate (Faradaic) current is generally several orders of magnitude smaller than the ETS current (*I*~G~ ≈ 1 nA and *I*~SD~ ≈ 50 μA). Therefore, the on-chip CV current does not affect the ETS current, and no additional background subtraction or other mathematical treatment is needed before the data analysis. In case the electrochemical *I*~G~ is significant enough to affect the accuracy of *I*~SD~, an equivalent circuit^[@ref16]^ can be used to subtract the *I*~G~ background from the ETS (*I*~SD~) channel; see [Supplementary Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00082/suppl_file/oc8b00082_si_001.pdf) for more detailed discussion.

Normalization of the *I*~SD~*--V*~G~ Results {#sec5.3}
--------------------------------------------

In an aqueous environment under open circuit, the conduction electrons were at least scattered by surface adsorbed water molecules, and the conductance of PtNWs at this stage is considered as a "baseline" conductive current (*I*~SD~^0^). This baseline value can be determined before each electrical spectroscopic scan by measuring the *I*--*V* characteristics of PtNWs with no *V*~G~ applied. With *I*~SD~^0^ measured, the *I*~SD~ of each test could also be normalized to relative conductance change (*ΔI*~SD~*/I*~SD~^0^). This normalization does not change the characteristic of each *I*~SD~*--V*~G~ curve, and makes the comparison between different scans and different devices more reasonable, as the baseline conductance of each device are different and each could drift during measurements, due to the reasons such as Pt atom dissolution. The shape of *I*~SD~, *G*~SD~, and Δ**G**~SD~ are the same, and in the paper this characteristic is all referred as the ETS result. In the presence of strongly adsorbed anions such as halide, the "baseline" conductive current is also affected by the specially adsorbed anions under an open circuit. Note that in such case the "baseline" surface condition is changed from clean HClO~4~ to that containing halide anions. Therefore, the comparison of absolute ETS current is more appropriate and more accurate in the study of halide adsorption and is thus adapted in this work.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.8b00082](http://pubs.acs.org/doi/abs/10.1021/acscentsci.8b00082).Additional experimental methods, characterizations, results, and discussion ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00082/suppl_file/oc8b00082_si_001.pdf))
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